The design and performance of organic photovoltaic cells is dictated in part by the magnitude of yield an L D , as measured by photoluminescence quenching, of (3.9 ± 0.5) nm with a corresponding photoluminescence efficiency (η PL ) of (25 ± 1)% and thin film purity of (97.1 ± 1.2)%, measured by high performance liquid chromatography. After purification by thermal gradient sublimation, the value of L D is increased to (4.7 ± 0.5) nm with a corresponding η PL of (33 ± 1)% and purity of (98.3 ± 0.8)%. Interestingly, a similar behavior is also observed as a function of the deposition boat temperature. Films grown from the purified material at a high temperature give L D = (5.3 ± 0.8) nm with η PL = (37 ± 1)% for films with a purity of (99.0 ± 0.3)% purity. Using a model of diffusion by Förster energy transfer, the variation of L D with purity is predicted as a function of η PL and is in good agreement with measurements. The removal of impurities acts to decrease the non-radiative exciton decay rate and increase the
radiative decay rate, leading to increases in both the diffusivity and exciton lifetime. The results of this work highlight the role of impurities in determining L D , while also providing insight into the degree of materials purification necessary to achieve optimized exciton transport.
The optical excitation of an organic semiconductor leads to the formation of tightly bound molecular excited states termed excitons. 1 Organic photovoltaic devices (OPVs) based on these materials rely on the use of an energetic electron donor-acceptor heterojunction to dissociate photogenerated excitons into a useable photocurrent. Device architecture is dictated in large part by the intrinsically short exciton diffusion length (L D ~ 10 nm), [2] [3] [4] [5] [6] [7] [8] which is the characteristic distance an exciton can travel before it recombines. 9 While a great deal of work has focused on optimizing the morphology of active layer blends in bulk heterojunction devices in order to circumvent the short L D , 5,10-13 substantially less attention has been directed at investigating the origin of the near universally short L D . As such, it remains important to understand the mechanisms which control and ultimately limit L D in order to better inform material and device design for longer L D and enhanced device efficiency. One aspect of exciton diffusion that remains relatively unexplored is how material purity affects L D . 7, 14 While previous work has shown how impurities affect carrier mobility and overall device performance, an analogous understanding for the role of impurities in exciton energy transfer and diffusion is lacking. [15] [16] [17] [18] [19] Exciton diffusion in organic semiconductors occurs due to an ensemble of excitons undergoing successive energy transfer hops between molecules of the same species. 20 In fluorescent materials including α-NPD, the dominant mechanism of energy transfer is Förster transfer. 3, 21, 22 The rate of energy transfer for this process is given by,
where d is the intermolecular spacing and R o is the Förster radius, which is defined as the critical distance at which the rate of Förster transfer equals the rate of all other excitonic decay pathways. 21 The exciton lifetime (τ) can be separately expressed in terms of the radiative (k R ) and non-radiative (k NR ) exciton recombination rates as τ = (k R + k NR ) -1 . 23 Additionally, R o can be broken down further and written in terms of physically measureable quantities as: 21, 23 ,24
where F D is the area normalized fluorescence spectrum, σ A is the absorption cross section, λ is the wavelength of light, n is the refractive index at the wavelength where the overlap of the emission and absorption are maximized and κ is the dipole orientation factor. Plots of σ A (λ) and F D (λ) for α-NPD are shown in Fig. 1 ; σ A is calculated as 4πk/λρ where k is the extinction coefficient, extracted from ellipsometric measurements, and ρ is the molecular density. 25 The photoluminescence (PL) efficiency (η PL ) is given by ratio of k R to the total rate of exciton recombination and can be written as, η PL = k R τ. The orientation factor, κ, describes the degree of electromagnetic coupling between the transition dipoles of the two molecules involved in the energy transfer event. For randomly oriented rigid dipoles found in amorphous materials such as α-NPD, κ = 0.845√2/3.
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Exciton diffusion is frequently modeled as a series of self-energy transfer hops on a simple cubic lattice. 3, 20 
Although the role of impurities is not explicitly included in Eqn. 3, we hypothesize that molecular impurities which quench excitons will act to reduce τ, η PL and ultimately L D.
Photoluminescence quenching based measurements are among the most widely employed techniques to determine L D . This type of measurement can be applied in either the transient regime 28 or the steady state regime, through spectrally resolved 3 or thickness dependent PL quenching 27 , as shown in this work. In thickness dependent PL quenching, a series of α-NPD films are grown over a range of thicknesses, both with and without an adjacent quenching layer. Additionally, fresh source material was loaded for each deposition in order to assure a constant starting source material purity for all thicknesses considered. Thin film purities were measured using high performance liquid chromatography (HPLC). Concentrated samples were prepared by dissolving multiple 100-nm-thick films of α-NPD in tetrahydrofuran. Purities were determined by HPLC area percent assay and are listed in Table 1 . Additionally, a more detailed table of the HPLC results is shown in Table S1 . 30 X-ray diffraction spectra were measured on 80-nm-thick α-NPD films deposited on silicon substrates using a Bruker Co Kα source x-ray diffractometer.
Films made from the as-synthesized source material yield L D = (3.9 ± 0.5) nm with a corresponding thin film organic purity of (97.1 ± 1.2)%. The source material was then purified once via vacuum thermal gradient sublimation. 31, 32 Films deposited from the purified source material show an increased value of L D = (4.7 ± 0.5) nm and purity of (98.3 ± 0.8)%.
Interestingly, it was also observed that the value of L D and thin film purity showed a dependence on the deposition boat temperature. Initial films were grown at a deposition boat temperature of In order to further probe the role of impurities in determining L D , η PL and τ were measured for all samples and are listed in Table 1 , additionally, lifetime decays are shown in Fig.   S1 . 30 It was observed that increases in L D and purity coincide with concomitant increases in both η PL and τ. Films with a purity of 97.1% yield values of η PL = (25 ± 1)% and τ = (2.7 ± 0.1) ns.
These values increase to η PL = (37 ± 1)% and τ = (3.3 ± 0.1) ns for the 99.0% pure films. Based on the observed increases in η PL and τ, the corresponding values of k R and k NR can be extracted.
For an increase in film purity from 97.1% to the 99.0%, k NR systematically decreases from (28 ± Additionally, x-ray diffraction spectra taken on the films revealed no scattering peaks, ruling out crystallinity as a possible explanation of the change in the photophysics. 2, 33, 34 Given the correlation between the photophysics, L D and film purity, we conclude that the improvements in performance are caused by a reduction in the concentration of exciton quenching impurities present in the films. Furthermore, the dependence of L D on the deposition boat temperature comes from additional material purification during the deposition process.
If a molecular impurity provides an additional non-radiative decay channel to diffusing excitons, two of the most obvious mechanisms by which this deexcitation could occur are exciton dissociation by charge transfer and exciton quenching by Förster transfer. A charge transfer impurity would require a sufficient energy level offset necessary for electron or hole transfer and would occur on a nearest neighbor length scale. 23 Förster transfer impurities would require an overlap in the absorption spectrum of the impurity molecule and the fluorescence spectrum of α-NPD. 21, 24 In this scenario, a diffusing exciton may transfer to an impurity molecule, where it would eventually decay non-radiatively. This interaction could occur over a longer length scale consistent with Eqn. 1. 21 Thus, we expect Förster transfer impurities to be more detrimental than charge transfer impurities for a given impurity concentration. transfer rate for an exciton on a single host molecule transferring to an impurity molecule is described by Eqn 1. It has been previously argued however that for an exciton interacting with a distribution of impurities, the quenching rate must be multiplied by the molecular density of the impurities and integrated over all of space. 35 This yields the following average quenching rate of excitons by impurities,
where Q is the fraction of impurity molecules and R I is the Förster radius from the host molecule to the impurity. Inserting Eqn. 5 into Eqn. 4 and solving yields a simple expression for the effective L D as a function of impurity concentration: Thin Film Purity (HPLC %) Exciton Diffusion Length (nm)
